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© Optical fibre amplifier.

© An optical fibre amplifier in which a length of

optically amplifying fibre (16) is spliced (17, 18)

between a pair of 2 x 2 tapered fused fibre couplers

(10, 13) each constructed from a length of amplifier

type profile fibre (12) and a length of transmission

type profile fibre (11). In each coupler, one of two

constituent fibres has been pre-stretched (11b) so as

to match the propagation constants of the two fibres

within the coupling region of that coupler.
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This invention relates to optical fibre amplifiers,

such as erbium doped fibre amplifiers. In such an

amplifier pump power at a wavelength X
p is laun-

ched into the amplifier fibre in order to produce the

requisite population inversion necessary to promote
amplification of the signal power at a wavelength Xs

also caused to propagate along the amplifier fibre.

The pump power is combined with the signal pow-
er by some form of wavelength multiplexer, which

may for instance take the form of a dichroic mirror

or a 2 x 2 tapered fused fibre coupler. An example
of such use of 2 x 2 couplers is for instance to be
found in the amplifier described in GB-A 2 230 912
with particular reference to its Figure 5. That par-

ticular amplifier employs bidrectional pumping, and
so a wavelength multiplexing 2x2 coupler is

employed upstream of the amplifying fibre for the

co-pumping, and a further wavelength multiplexing

2x2 coupler is employed downstream of it for the

counter-pumping.

The fibre from which the two wavelength mul-

tiplexing 2x2 couplers is made is typically con-

ventional single mode transmission type (non-am-

plifying) fibre, whereas the amplifier is different

because it is required to incorporate the material

that renders it optically amplifying. If the two types

of fibre happen to have substantially the same
refractive index profile, a relatively low loss optical

coupling between each end of the amplifier and an

associated one of the ports of the two 2x2
couplers can in principle be made by simple fusion

butt splices. However, high efficiency optically am-
plifying fibre typically has a refractive index profile

significantly different from that of conventional sin-

gle mode optical communications fibre. As a result

of this difference, the two types of fibre have sig-

nificantly different spot sizes, and this means that a

simple fusion splice of the one type of fibre to the

other gives rise to a splice loss that is inconve-

niently high for some applications. In some cir-

cumstances the amount of this loss can be some-
what reduced by heating the splice so as to pro-

mote localised diffusion of the core region of the

optically amplifying fibre into its cladding so as to

produce a localised reduction in its spot size. This

is for instance described by A. Wada et al in a

paper entitled 'High Efficiency Erbium-Doped Fiber

Amplifier using Mode Field Diameter Adjusting

Technique 1

given at the second topical meeting on
optical amplifiers held in July 1991 at Snowmass
Colorado (pp 258/FD3-1 to FD3-4/261).

The present invention is directed to an alter-

native solution to the problem, a solution in which

the loss can be reduced to values comparable with

the insertion loss of certain forms of 2 x 2 tapered

fused fibre couplers.

According to the present invention there is

provided an optical fibre amplifier including a first

length of single mode optical fibre laterally optically

coupled in a first coupling region with a second

length of single mode optical fibre, and in a second

coupling region with a third length of single mode
5 optical fibre, wherein included in said first length of

optical fibre, between said first and said second

coupling regions, is a length of optical fibre that is

capable of being rendered optically amplifying to

light of a first frequency when optically pumped
to with light of a second frequency, and wherein each

of said first and second coupling regions is pro-

vided by a 2 x 2 tapered fused fibre coupler

characterised in that said second and third lengths

of optical fibre have substantially matching index

75 profiles that are mismatched with respect to that of

said first length of optical fibre, thereby providing

said first length of optical fibre with a spot size

mismatched with respect to that of said second

and third lengths of optical fibre, and in that in each

20 of said 2x2 tapered fused fibre couplers one of

the two constituent fibres of that coupler is tapered

more than the other by an amount providing the

two constituent fibres with substantially matching

propagation constants within its coupling region.

25 There follows a description of optical fibre am-
plifiers embodying the invention in preferred forms.

The description refers to the accompanying draw-

ings, in which:

Figures 1 and 2 are schematic representations

30 of two optical amplifiers embodying the inven-

tion in preferred forms.

Whereas an example of single-mode transmis-

sion type fibre may typically have an index dif-

ference of 3.3 x 10~3
, a core radius of 4 am, a spot

35 size radius of about 10 urn, and an overall diam-

eter of 125 urn; the comparable figures for a typi-

cal length of high efficiency erbium doped single-

mode amplifying fibre are an index difference of 35

x 10~3
, a core radius of 1.5 urn, a spot size radius

40 of about 1 .9 urn, and an overall diameter of about

85 urn (or 125 urn if pulled from a sleeved

preform).

A length of the above-identified transmission

type fibre, hereinafter referred to as transmission

45 profile type fibre, can be fusion spliced by butt

welding in the normal way to a length of the above-

mentioned amplifying fibre, or non-amplifying fibre

having the same index profile as the above-men-

tioned amplifying fibre, hereinafter referred to as

so amplifying profile type fibre, with the same overall

diameter. However the mismatch in index profiles

of the transmission profile and amplifying profile

types of fibre is liable to provide the splice with a

loss of about 3dB. In some circumstances this

55 value can be reduced to about 0.5 dB by heating

the vicinity of the splice to promote diffusion of the

core material of the fibres, but this value of loss is

still quite high compared with what can be

2
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achieved when butt-splicing identical fibres.

A length of the transmission profile type fibre

can similarly be stranded with a length of the

amplifying profile type fibre, and the stranded fi-

bres can be laterally coupled by subjecting them to

a progressive stretching method of making a 2 x 2
tapered fused fibre coupler substantially as de-

scribed in GB-B 2 150 703. However, whereas
when making such a fused fibre coupler from a pair

of identical fibres it is possible to arrange the

coupling strength so that substantially all of the

optical power launched into one of the fibres at a
particular wavelength will be coupled to the other,

with a transmission profile type fibre stranded with

an amplifier profile type fibre, the maximum power
transfer is typically only about 50% as a result of

the mismatch of propagation constant of the fibres

in the coupling region. This figure can be improved
upon by altering the propagation constant of one of

the fibres by pre-stretching (pre-tapering) it prior to

stranding it with the other fibre. This pre-stretching

of one of the fibres is conveniently achieved by the

same progressive stretching method as is used to

make the 2 x 2 tapered fused fibre coupler. One
fibre is mounted in the apparatus and stretched the

requisite amount before being removed from the

apparatus, stranded with the other fibre, and re-

placed in the apparatus ready for the making of the

coupler. The required amount of stretching is con-

veniently determined empirically.

With the progressive stretching method of GB-
B 2 150 703 for making a fused fibre 2x2 coupler

one can monitor the power transfer all the time the

coupler is being made. In this way one can deter-

mine the peak power transfer coefficient as, as the

result of the progressive stretching, the coupling

strength progressively increases and the power
launched into one of the fibres is progressively

coupled back and forth between the two fibres. If

one makes a first coupler from the two unmatched
fibres without pre-stretching either of them, and if

one then makes another coupler where one of the

fibres has been subjected to a small amount of

pre-stretching, a comparison of the peak power
transfer coefficients of the two couplers will show
whether the pre-stretching has reduced the mis-

matching, as evidenced by an enhanced peak pow-
er transfer coefficient, or whether the wrong fibre

has been pre-stretched. This process can then be
repeated making couplers with different amounts of

pre-stretching of the appropriate one of the fibres

until an empirical match, as evidenced by a sub-
stantially 100% peak power transfer coefficient is

obtained.

In the case of forming a 2 x 2 fused coupler

between a length of the 125 urn overall diameter
the transmission profile type fibre and a length of

the 85 urn overall diameter amplifying profile fibre,

it was found empirically that the transmission pro-

file type fibre needed to be stretched until its

diameter was reduced to about 80 um in order to

produce the matching condition in which power at

5 a particular wavelength is transferable substantially

completely from one fibre to the other. Two such

couplers are depicted schematically at 10 and 13

in the optical amplifier of Figure 1, each of them
being constructed from a length 11, 14 of transmis-

w sion profile type fibre and a length 12, 15 of

amplifier profile type fibre. Before the two couplers

10, 13 are made, each of the transmission type

fibres 11, 14 is individually pre-stretched, using the

progressive stretching method of GB-B 2 150 703,

75 in a manner producing a pair of tapers 11a, 14a

between which there is an intervening length of

pre-stretched fibre 11b, 14b. Between the nearer

ends of the two fibres 12 and 15 is inserted by butt

splices 17, 18 an intervening length 16 of am-
20 plifying profile type fibre which is optically am-

plifying fibre as the result of its erbium doping.

Generally the amplifying profile type fibres 12 and

15 are lengths of fibre with the same index profile

as that of the fibre 16, but without the erbium

25 doping, and so are not themselves optically am-
plifying, but if either of them is constructed from

optically amplifying fibre, then the fibre 16 can be

extended to include the amplifying profile type fibre

of that coupler, and so dispense with the need for

30 its. associated splice 17 or 18. The signal input to

the amplifier is applied to input port B of coupler

10, while the signal output is delivered from output

port D of the coupler 13. For co-pumping, the

optical pump power is applied to input port A of the

35 coupler 10 while, for counter-pumping, optical

pump power is applied to port C of coupler 13. If

desired, the amplifier can receive co - and counter-

pumping simultaneously.

The couplers 10 and 13 are multiplexing cou-

40 piers whose precise construction will depend upon
the relationship between the signal frequency ap-

plied to port B and the pump frequency applied to

port A and/or port C.

If the frequencies are widely separated, such

45 as for instance using a light at a wavelength of 980
nm to pump a signal at a wavelength of 1550 nm,
the construction is relatively simple because the

coupling strength of the coupler only needs to be
strong enough for a single transfer of power at the

50 signal frequency from one fibre to the other. At this

strength of coupling, power at the higher frequency

of the pump is still so tightly coupled that it passes

straight through the coupler, on the one fibre, with-

out any significant transfer of power to the other

55 fibre. Also, at this strength of coupling the form

birefringence is small enough to make the coupling

of signal power across from one fibre to the other

substantially independent of the state of polarisa-

3
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tion of that signal power.

If the pump and signal frequencies are much
closer, for instance using light at a wavelength of

1480 nm to pump a signal at a wavelength of 1550

nm, then the construction of each coupler 10, 13

needs to be rather more complicated because, if

the coupling is strong enough to couple the signal

frequency from the transmission profile type fibre

11 to the amplifier profile type fibre, it will also be

strong enough to effect coupling between the two

fibres at the only slightly higher pump frequency.

Therefore the strength of coupling has to be ar-

ranged so that it couples the signal frequency

between the two fibres an odd number of times,

while at the same time coupling the pump fre-

quency between them an even number of times.

The greater strength of coupling that is employed
to achieve this condition, means that the effects of

form birefringence can no longer be neglected if

the amplifier is to operate independent of the state

of polarisation of its signal input

Significant birefringence in a progressively

stretched fused fibre coupler normally arises be-

cause the stretching is normally performed at a

high enough temperature to provide a substantial

coalescence of the two fibres so as to convert the

highly re-entrant initial figure eight configuration of

cross-section to one in which the re-entrance is

minimal or non-existent. If the amount of coupling

between the two fibres is relatively weak, as for

instance in the case of a coupler providing only a

single transfer of power between the fibres, then

the amount of form birefringence of a coupler

made at a temperature producing substantial co-

alescence of the fibres is small enough to be

neglected, but with stronger coupling involving mul-

tiple power transfers, the form birefringence as-

sumes greater significance. The result is that, if

form birefringence is not compensated, the coupler

can be constructed so to transfer power efficiently

for. either one of the principal states of polarisation

of that coupler, but not both states together. Our

method of reducing the effect of form birefrin-

gence, and hence of obviating this problem, is

described by I.J. Wilkinson and C.J. Rowe in an

article entitled "Close Spaced Fused Fibre

Wavelength Division Multiplexer with very low

Polarisation Sensitivity", Journal Elec. Letters

March 1990, Vol 26, No. 6 p382, and involves

twisting of the fibres. Another method involves per-

forming the progressive stretching operation at a

significantly lower temperature, one in which the
" fibres become united over only a "small "proportion

of their circumference, and thus retain a cross-

sectional configuration more closely approximately

to a figure eight. It is believed that this is effective

in reducing the effect of form birefringence by

matching it with an oppositely directed stress

birefringence.

At least in the case of reducing the effects of

form birefringence through reducing the tempera-

ture at which the coupler is made, the reduction of

5 the effect of form birefringence is brought about at

the expense of introducing another factor, namely

that the propagation constants of the two fibres in

the coupling region are also effected. In the case of

a coupler, like couplers 10 and 13 of Figure 1. that

w is constructed from dissimilar fibres this change in

propagation constant may not be the same for both

fibres, in which the case the match of propagation

constant is not preserved over the full range of

possible temperatures for constructing the coupler.

is In other words, a double match has to be obtained

in that it is necessary not only to make the coupler

at the temperature which cancels out the form

birefringence, but also to pre-stretch one of the

fibres so that its propagation constant is matched
20 with the other when the coupler is made at that

temperature.

These problems of the double match can be
alleviated somewhat by replacing each single cou-

pler 10, 13 of Figure 1 with two couplers 20, 24
25 and 30, 34 respectively, as depicted in Figure 2.

Couplers 20 and 30 are both polarisation insensi-

tive wavelength multiplexing 2x2 fused fibre cou-

plers respectively made from two lengths 21, 22
and 31, 32 of identical transmission prof ile type

30 fibre. The strength of coupling exhibited by each of

these couplers is such that the light at the signal

wavelength launched into one of its input ports, and

light at the pump wavelength launched into the

other port, emerge from the coupler on a common
35 port that is connected to an input port of the

respective one of the other pair of couplers 24 and

34. The wavelength multiplexing fused fibre cou-

plers 20 and 30 need to be constructed in a way to

cancel out their birefringence to make them
40 polarisation insensitive. The same techniques can

be used for this purpose as have been identified

above in connection with making the couplers 10

and 13 of Figure 1 polarisation insensitive. The task

is more easily achieved in the case of couplers 20
46 and 30 because these couplers are constructed

from identical pairs of fibres. Accordingly, since the

constants are always matched, whatever the profile,

no special steps need to be taken to ensure that

the propagation constants are matched at the pro-

50 file providing polarisation insensitivity.

The two wavelength multiplexing fused fibre

couplers 30 and 30 are respectively connected by

splices 23" to the other two 2x2 fused "fibre

couplers 24 and 34, which are each constructed

55 from a length 25 of transmission profile type fibre

and a length 26 of amplifier profile type fibre, and

which are splice couplers, that is optical couplers

constructed to have the property that optical power

4
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at the signal and pump wavelengths launched into

one fibre of the coupler is coupled substantially

completely across to emerge from the other fibre.

Since the two fibres of each splice coupler 24, 34
have dissimilar profiles and therefore unmatched
propagation constants, one of its constituent fibres

requires to be pre-stretched in order to bring about

the requisite substantial match of propagation con-

stants necessary to achieve substantially total pow-
er transfer from one fibre to the other. Accordingly,

before the two couplers 24, 34 are made, both of

the transmission type fibres 25 are individually pre-

stretched using the progressive stretching method
of GB-B 2 150 703 in a manner producing pairs of

tapers 25a between which there are intervening

lengths 25b of pre-stretched fibre.

It may be observed that, as with the construc-

tion of the 2 x 2 fused fibre couplers 10 and 13 of

Figure 1, so with the construction of the 2 x 2

fused fibre splice couplers 24 and 34 of Figure 2,

there is still the requirement simultaneously to

achieve both substantial match of propagation con-

stant and substantial polarisation insensitivity. How-
ever, in the case of the splice couplers these

requirements are significantly easier to achieve be-

cause the coupling strength is much weaker, re-

quiring only a single transfer of power from one
fibre to the other, whereas the couplers 10 and 13
of Figure 1 have a much stronger coupling that

involves multiple power transfers. On account of

the relatively weak coupling of the splice couplers,

the form birefringence is much smaller, and may
be so small that no compensation needs to be
made, and if compensation is required, it is at a
low level introducing stresses that are well beneath
the threshold at which stress fracture problems are

liable to be encountered.

Between the two splice couplers 24 and 34 is

connected, by the fibre butt splices 17 and 18, the

intervening length 16 of amplifying profile type
fibre which is rendered optically amplifying to light

of the signal wavelength when pumped with light of

the pump wavelength. As in the case of the am-
plifier of Figure 1, so with this amplifier of Figure 2,

signal power to be amplified is applied to the

amplifier by way of port B to emerge amplified by
way of port D as a result of pump power applied to

either or both of ports A and C. If pump power is

applied from only one end of the amplifier then it

will be possible to dispense with the wavelength
multiplexing coupler at the other end, provided that

excess pump power remaining upon the signal line

-beyond the amplifier does not disturb operation of

the optical transmission system in which the am-
plifier is situated.

In the foregoing specific description each of

the two 2 x 2 fused fibre couplers 10 and 20 have
between described as devices in which substan-

tially all the optical signal and pump power applied

to its input ports emerges substantially exclusively

from only one of its output ports. Such amplifiers

may however be modified so that a small propor-

5 tion of the power shall emerge from the other

output port and be available for use in monitoring

the operation of the transmission system into which

the amplifier has been incorporated.

ro Claims

1. An optical fibre amplifier including a first length

of single mode optical fibre laterally optically

coupled in a first coupling region with a sec-

75 ond length of single mode optical fibre, and in

a second coupling region with a third length of

single mode optical fibre, wherein included in

said first length of optical fibre, between said

first and said second coupling regions, is a
20 length of optical fibre that is capable of being

rendered optically amplifying to light of a first

frequency when optically pumped with light of

a second frequency, and wherein each of said

first and second coupling regions is provided

25 by a 2 x 2 tapered fused fibre coupler charac-

terised in that said second and third lengths of

optical fibre have substantially matching index

profiles that are mismatched with respect to

that of said first length of optical fibre, thereby

30 providing said first length of optical fibre with a

spot size mismatched with respect to that of

said second and third lengths of optical fibre,

and in that in each of said 2x2 tapered fused

fibre couplers one of the two constituent fibres

35 of that coupler is tapered more than the other

by an amount providing the two constituent

fibres with substantially matching propagation

constants within its coupling region.

40 2. An optical fibre amplifier as claimed in claim 1,

wherein each of said 2x2 tapered fused fibre

couplers is a multiplexing coupler constructed

such that a first optical input at said first fre-

quency launched into said second length of

45 fibre on the side of the coupler optically re-

mote from said length of optical fibre that is

capable of being rendered optically amplifying,

and a second optical input at said second

frequency applied to said first length of fibre

so on the side of the coupler optically remote

from said length of optical fibre that is capable

of being rendered optically amplifying, will

emerge from that coupler substantially exclu-

sively on said first length of fibre on the side of

55 the coupler optically adjacent said length of

fibre that is capable of being rendered optically

amplifying.

5
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3. An optical fibre amplifier as claimed in claim 1

,

wherein each of said 2x2 tapered fused fibre

couplers is a multiplexing coupler constructed

such that light of any state of polarisation at

said first frequency launched into said second
length of fibre on the side of the coupler opti-

cally remote from said length of optical fibre

that is capable of being rendered optically am-
plifying, and light of any state of polarisation at

said second frequency applied to said first

length of fibre on the side of the coupler opti-

cally remote from said length of optical fibre

that is capable of being rendered optically am-
plifying, will emerge from that coupler substan-

tially exclusively on said first length of fibre on
the side of the coupler optically adjacent said

length of fibre that is capable of being ren-

dered optically amplifying.

4. An optical fibre amplifier as claimed in claim 1

,

wherein each of said 2x2 tapered fused fibre

couplers is a splice function type coupler con-

structed such that a first optical input at said

first frequency launched, together with a sec-

ond optical input at said second frequency,

into said second length of fibre on the side of

the coupler optically remote from said length

of optical fibre that is capable of being ren-

dered optically amplifying, will emerge from

that coupler substantially exclusively on said

first length of fibre on the side of the coupler

optically adjacent said length of fibre that is

capable of being rendered optically amplifying.

5. An optical fibre amplifier as claimed in claim 4,

wherein optically coupled with said second
length of fibre on the side of said first coupling

region that is optically remote from said length

of fibre that is capable of being rendered opti-

cally amplifying is a multiplexing 2x2 tapered

fused fibre coupler made from two lengths of

optical fibre having an index profile substan-

tially matched with that of said second and
third lengths of optical fibre and constructed to

multiplex on to a common output thereof an

optical signal applied of said first frequency to

one of its input ports and optical pump power
of said second frequency applied to the other

of its input ports.

6. An optical fibre amplifier as claimed in claim 5,

wherein optically coupled with said third length

of fibre ori* the siaelof' said^s^n^cbupRifig
region that is optically remote from said length

of fibre that is capable of being rendered opti-

cally amplifying is a multiplexing 2x2 tapered

fused fibre coupler made from two lengths of

optical fibre having an index profile substan-

tially matched with that of said second and
third lengths of optical fibre and constructed to

multiplex on to a common output thereof an

optical signal applied of said first frequency to

5 one of its input ports and optical pump power
of said second frequency applied to the other

of its input ports.
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